ABSTRACT. Soluble sugar accumulation is a major determinant of tomato (Solanum lycopersicum) fruit quality. One strategy of increasing sugar levels in the mature fruit is via the increase of the transient starch pool in the immature fruit, which is subsequently degraded to contribute to its soluble sugar levels. ADP-glucose pyrophosphorylase [AGPase (E.C. 2.7.7.27)] is a limiting enzyme in starch synthesis and we therefore developed introgression lines of cultivated tomato harboring the wild species (Solanum habrochaites) allele for the regulatory large subunit (L1 H ) of this heterotetrameric enzyme. Comparison of numerous near-isogenic lines of tomato segregating for the L1 allele, during multiple seasons, showed that the wild species allele led to an increase in fruit total soluble solids concentration (TSS) without a concomitant decrease in fruit size. Rather, in practically all lines studied, fruit size increased together with TSS, leading to an even larger increase in TSS · yield. A comparative developmental study of fruit carbohydrates, starch, and sugars between genotypes showed that the wild species allele led to increases in fruit size, carbohydrate concentration, and carbohydrate content of the whole fruit unit. This was related to a large increase in the transient starch reservoir that, upon degradation, accounted for the subsequent increase in soluble sugars. These results are evidence that modifying fruit sink carbohydrate metabolism via a single rate-limiting enzymatic step can increase the net import of photoassimilate into the fruit.
The accumulation of soluble sugars in ripe tomato fruit is perhaps the primary determinant of fruit quality and taste, together with the additional taste components that include acids and volatiles, among other primary and secondary metabolites (Davies and Hobson, 1981; Grierson and Kadar, 1986) . Numerous studies have been dedicated to strategies to increase the soluble sugar content of tomatoes, including agrotechnical and genetic approaches (Davies and Hobson, 1981; Ho, 1996; Schaffer et al., 1999) . One of the common themes that derive from previous research is that there is a general negative correlation between fruit total soluble solids concentration and yield (Causse et al., 2007; Grandillo et al., 1999) , so that increases in TSS do not lead to concomitant increases in tomato solids yield production. This has been widely observed, particularly in studies on the effect of cultivation technologies, such as saline irrigation, in which the increase in sugar concentration is compensated for by decreases in fruit size and yield (Balibrea et al., 1999; Ehret and Ho, 1986) .
The sugar content of the fruit is determined by the complex interaction between source and sink metabolism. Modifications of fruit sink metabolism have been attempted to increase what is termed the ''sink strength'' of the fruit, and subsequently its sugar level. Modifying sugar metabolism in the fruit can certainly lead to qualitative changes in the sugar content. For example, the sucr locus in tomato controls the partitioning of soluble sugars and determines whether sucrose or hexose is accumulated (Chetelat et al., 1995; Hadas et al., 1995; Miron and Schaffer, 1991; Miron et al., 2002) . The wild species allele of the locus leads to a reduction in vacuolar invertase activity in the maturing fruit, allowing for sucrose to accumulate, in contrast to the cultivated tomato in which the vacuolar invertase activity increases during maturity and sucrose cannot accumulate in the vacuole (Klann et al., 1993 , Miron et al., 2002 .
More importantly, modifying sugar metabolism in the fruit can also lead to quantitative changes in the fruit sugar content. Two examples of this have already been applied in tomato. The tomato LIN5 locus encodes for the fruit expressed apoplastic invertase and a wild species allele for this locus leads to modified enzyme activity in the fruit and subsequent increases in fruit ''sink strength'' and sugar content, unaccompanied by decreases in fruit yield (Fridman et al., 2002 (Fridman et al., , 2004 Gur and Zamir, 2004) . The metabolic rationale behind the strategy of apoplastic invertase modification is that the hydrolysis of translocated sucrose at the point of unloading in the fruit sink can increase the gradient of translocation and hence the net import into the fruit (Fridman et al., 2004; Ho, 1996; Koch, 2004) .
Our own previous studies have identified genetic variation for a subunit of the AGPase enzyme that also causes an increase in fruit soluble solids content . The rationale behind this strategy lies in the observation that the developing tomato fruit is a transient starch accumulator and the starch in the immature fruit may serve as a reservoir for soluble sugar accumulation during ripening, contributing to the final sugar levels (Dinar and Stevens, 1981; Ho, 1996; Schaffer et al., 2000) . Although the starch reservoir of traditional cultivated tomato is small and practically noncontributory, increasing the transient starch pool may significantly impact on sugar levels.
AGPase is a prime candidate for such a modulation because it catalyzes the synthesis of ADP-glucose in the fruit and functions as a limiting enzyme in starch synthesis and accumulation in tomato fruit (Schaffer and Petreikov, 1997; Schaffer et al., 2000) , as well as many other plants studied (Ballicora et al., 2004; Preiss and Sivak, 1996; Smith, 2008) . In tomato plants, the enzyme functions as a heterotetramer comprised of two large subunits encoded by three possible AgpL genes, and one small subunit encoded by a single AgpS1 gene (Chen et al., 1998; Park and Chung, 1998; Petreikov et al., 2006; Schaffer et al., 2000) . One particular large subunit, L1, is the major large subunit in the fruit tissue (Chen et al., 1998; Park and Chung, 1998; Petreikov et al., 2006) . A set of near isogenic tomato plants was developed from an interspecific cross between the cultivated Solanum lycopersicum (formerly Lycopersicon esculentum Miller) and the wild species Solanum habrochaites (formerly Lycopersicon hirsutum Dunal), differing in the origin of the AgpL1 allele. The fruit carrying the AgpL1 H allele (from S. habrochaites) is characterized by increased AGPase activity and increased immature fruit starch content, as well as higher TSS in the mature fruit compared with fruit carrying the AgpL1 E allele (from S. lycopersicum) Schaffer et al., 2000) . The mechanism by which this occurs is related to the extended period of gene transcription of the large subunit encoded for by the wild species allele, leading to higher and more stable AGPase activity for an extended period of fruit development .
In the present study, we report the effect of the AgpL1 H allele in tomato of various genetic backgrounds and with fruit of different sizes. In addition, we analyzed the carbohydrate balance of the developing fruit to correlate effects on transient starch accumulation with soluble sugar accumulation. The results indicate that the increase in transient starch accumulation is a valuable strategy for increasing the sink strength of the developing fruit, leading to concomitant increases in fruit size and sugar levels.
Materials and Methods
PLANT MATERIAL, BACKGROUNDS, AND INTROGRESSIONS. The near isogenic lines (NILs) of tomato differing in the introgression source of the distal portion of chromosome 1 were developed from the interspecific cross of S. habrochaites (H, LA1777) and S. lycopersicum and a backcross program to the recurrent S. lycopersicum, as described previously Schaffer et al., 1999 Schaffer et al., , 2000 . True-breeding introgressed lines harboring the AGPase-AgpL1 H allele were backcrossed to a number of standard tomato breeding lines of different fruit sizes, and hybrid plants were selfed for the production of F 2 populations segregating for the AgpL1 allele. At least seven plants of each genotype were used for the study of the effect of the AgpL1 allele on fruit soluble solids content and size.
Winter-grown plants were sown in September and harvesting took place in January. Plants were grown in the heated greenhouse and were maintained at a minimum night temperature of 15°C, according to standard growing conditions. Plants grown in the spring season were sown in March and harvesting took place in June. Flowers were allowed to self-pollinate and fruit were harvested when red ripe. For the study of fruit development, line 3011, which segregated for the AgpL1 allele, was used and fruit were sampled at six developmental stages. Eight plants of each genotype were grown during the FallWinter 2007. For the study of the effect of the AgpL1 allele on total plant yield, the determinate M-82 recurrent parent (AgpL1 E ) was grown together with two advanced determinate lines, which were products of a BC 2 to M-82. Plants were grown in the open field in Gedera, Israel, during the springsummer season. Plants were grown at a spacing of 0.5 m with 1.5-m rows, according to standard cultivation techniques. Fruit were harvested from each plant when at least 90% of the fruit reached the red ripe stage. Yield per plant was weighed and TSS and fruit weight were measured on five fruit from each plant.
GENOTYPIC DETERMINATION OF THE AGPL1 ALLELE. Genomic DNA was isolated from young leaves by the Edwards method (Edwards et al., 1991) . The determination of the L1 genotype in segregating populations was based on a PCR reaction with specific primers for polymorphism in the promoter region in AgpL1 H (S. habrochaites accessions DQ322685 and DQ322686) and AgpL1 E (S. lycopersicum accessions DQ322688 and DQ322687) as described in Petreikov et al. (2006) . The primers used were: forward AprF (5#CCCTTTAA ATTTCTTAGCCYAC3#) and reverse AprR (5#GTTGGAGA TTAGCTGACAATTTC3#) with amplicons of 191 and 266 bp for L1
H and L1 E , respectively. The PCR reaction consisted of 35 cycles at 94°C for 15 s, 60°C for 15 s, and 72°C for 15s.
STARCH, SUGARS, AND TSS. TSS were measured on the extruded fruit juice using a hand-held refractometer (Atago, Tokyo). The soluble sugars (glucose, fructose, and sucrose) were extracted from 1 g of fresh tissue in hot 80% alcohol. Following further sample preparation, analysis was performed by high-performance liquid chromatography using Aminex Ò Fast Carbohydrate Column (100 · 7.8 mm, catalog no. 125-0105; BioRad Laboratories, Hercules, CA) as in Petreikov et al. (2006) . Starch was measured on the insoluble fraction following ethanol extraction, as previously described . Dry weight was calculated as follows: about half of the whole fruit was oven dried for at least 3 d at 60°C, until samples reached a constant weight.
STATISTICAL ANALYSIS. The estimation of standard errors and significant statistical differences were calculated by using Excel (Office 2003; Microsoft, Redmond, WA) and JMP statistical discovery software (version 5.0; SAS Institute, Cary, NC).
Results

EFFECT OF L1 ON TSS AND SIZE OF MATURE FRUIT OF DIFFERENT BACKGROUNDS.
Over the past years, we developed and analyzed the effect of the L1 H allele in a number of genetic backgrounds of tomato, ranging from cherry size to fruit of 100 g, in determinate and indeterminate backgrounds, and a summary of the effect on fruit fresh weight and TSS is presented in Table 1 . In all cases, plants grown and analyzed were the products of a single selfed heterozygous L1 HE plant, and plants and fruit of the two segregating genotypes were visually indistinguishable. In all cases, genotypes were assigned according to the molecular marker polymorphism in the L1 gene promoter sequences (Fig. 1) .
The results indicate that the L1 H allele has a fairly consistent effect, regardless of background. In most cases, TSS and fresh weight are increased; in some cases, only TSS is increased while fresh weight was unaffected. Results were also repeatable in different seasons. Three of the lines were studied in two or three different seasons (Table 2 ). In one of these lines (line III, the determinate 3414), there were positive effects on fruit weight and fruit TSS in one of the seasons, increases in TSS alone in the second season, while in the last season, of the three, there was no significant effect. In no case, however, did fruit weight decrease in response to an increase in TSS.
For the determinate background in which total yield of the ripe fruit was measured, total fruit yield also increased together with the increase in individual fruit weight (Table 3 ). In the indeterminate backgrounds, there were no observable negative effects on total cluster weight and there were similarly no decreases in fruit number per cluster (data not presented).
The results were calculated with respect to TSS · yield and were related to the fruit size of the standard genotype. The results show that the effect of L1 H is irrespective of the background fruit size and shows positive effects in all fruit sizes, from cherry to midsize (100 g) ( Table 1) . On the average, increases of TSS · yield are in the range of 20%. In one case (line 3011, the subject of the developmental study, below), the increase in fruit size was around 25% and, compounded with increases in TSS of 25%, showed a large increase in TSS · fruit weight of over 50%.
EFFECT OF L1 ON CARBOHYDRATE BALANCE DURING FRUIT DEVELOPMENT. A detailed carbohydrate balance during development was carried out on a segregating line, 3011, grown during the winter of 2007-08. This is an indeterminate line with 6 fruit per cluster. Fruit were sampled at six stages of development, from small fruitlets to ripe red (Fig. 2 ).
An increase in fruit size ( Fig. 2A) in the L1 H genotype was observed following the rapid increase in fruit size between mgI and mgII. The L1 H genotype led to an increase in the percentage of dry weight (DW; Fig. 2B ) throughout all of fruit development and this was accompanied by a consistently higher starch concentration (Fig. 2C) . Other than the earliest stage of development, when variability was relatively high due to the small fruitlet size (<1 g), the difference in the percentage of DW was accounted for by the differences in starch concentration.
In both genotypes, the starch concentration showed a transient accumulation pattern, declining sharply by the breaker stage. At the mgII stage, the starch concentration of the L1 H genotype was nearly twice that of the L1 E genotype. At the final stages of development, breaker and red, the remaining starch concentration was low and the L1 H genotype began to accumulate soluble sugars at a higher rate than the L1 E genotype (Fig. 2D) . At the red stage, the TSS of the L1 H genotype was significantly higher than that of the L1 E genotype (Table 1) . At the earliest stages of development, the L1 H genotype had a relatively higher ratio of fructose to glucose, but from the mgI stage, the ratio of hexoses was unaffected (Fig. 2F) .
Viewing the carbohydrate balance on a whole fruit unit basis rather than on a concentration basis sheds further light on the effect of the L1 H allele. The dry weight content per fruit unit (Fig. 2G ) was further increased during the latter stages of development due to a compounding of the percentage of DW and fruit unit size at each developmental stage. The most striking effect is seen in the starch content per fruit unit when, at the mature mgII stage, the difference between starch content in the fruit was very large (Fig. 2H) . The total soluble sugar content of the fruit increases with the degradation of starch content (Fig. 2I) , so that the genotypic difference in total nonstructural carbohydrates (soluble sugars and starch) is maintained, and even increases somewhat, from the mgII stage until ripe (Fig. 2J) . H alleles of isogenic lines, respectively) were separated on a 2% agarose gel and visualized under ultraviolet light after ethidium bromide staining; lyc and hab indicate the parental species Solanum lycopersicum and S. habrochaites, respectively, and ee and hh represent the genotypes of the segregating population.
Discussion
The results of this study indicate that it is possible to increase the total sink strength of the tomato fruit by modifying its carbohydrate metabolism, thereby increasing carbohydrate accumulation in the fruit without a concomitant decrease in fruit size. The total fruit carbohydrate pool, and not merely its concentration, can be increased by a change in activity of a single enzyme of carbohydrate metabolism. An arithmetic carbohydrate balance of the whole fruit unit during development shows that at the mgII stage, the L1 H fruit, when 60 g, contained a reservoir of an additional 600 mg starch, 1% of the fruit weight (Fig. 2H) , which translates into a pool that can contribute nearly an additional 0.75% (600 mg/80 g) to the final fruit sugar content of the fruit at its final size of 80 g.
The increase in carbohydrate accumulation is due to a temporal extension of starch synthesis, extending into the major period of fruit expansion, such that the increased starch content in the nearly full size fruit leads to a large carbohydrate reservoir, which, upon degradation, can contribute a significant amount of hexose moieties. Starch synthesis and accumulation may be a particularly effective means of increasing sink strength because the starch molecule is metabolically and osmotically inactive-in effect sequestering the carbohydrate in a metabolically inactive form with little negative impact or feedback on partitioning. In fact, one of the major differences in carbohydrate accumulation patterns due to the LIN5 introgression from Solanum pennellii is the large increase in transient starch in the immature fruit (Baxter et al., 2005) , which is likely due to a LIN5-induced increase in sucrose import rate. Interestingly, the increase in starch observed in that study was unaccompanied by increases in starch synthesizing enzyme activity and thus was likely driven by the increased availability of photoassimilate. Accordingly, this would imply that the starch reservoir can be increased by ''push or pull'' mechanisms. The rate-limiting enzyme AGPase can ''pull'' carbohydrate into the pool, thereby increasing import, or the increase in import by other means, such as the increased hydrolysis of sucrose, can ''push'' carbohydrate into the starch pool.
However, this pool is not static, and during the period of fruit development and ripening, there is also continuous sucrose import (Balibrea et al., 2006; Baxter et al., 2005; Damon et al., 1988; Miron and Schaffer, 1991; Walker and Ho, 1977) so that the increase of sugar in the maturing fruit sink is not limited only to the contribution from the degradation of starch. This can be seen by the parallel changes in starch and hexose during the final stages of maturation, from mgII to red. While the increase in hexose content from the mgII stage to the breaker stage is largely accounted for by the decline in starch content (decline of 750 mg starch and increase of 850 mg hexose in the L1 H genotype; decline of 300 mg starch and increase of 570 mg hexose in the L1 E genotype), the increase in hexose content from the breaker stage to the red stage appears to be largely due to import of photoassimilate because total dry weight of the ripening L1 H fruit increases significantly during this period. This might indicate that the effect of L1 H is not only via the direct synthesis and storage of a large starch reservoir but also, by some unknown mechanism, increasing the sink strength at the final stage, even when starch synthesis is low. In this respect, Balibrea et al. (2006) recently presented evidence suggesting that the wild species of tomato can impart genetic traits for increased sugar import during the ripening stage. The alternative is that photoassimilate transport into the maturing fruit also has a component of transient starch synthesis and increasing the starch synthesis rate even at this late stage when there is no net starch storage may increase the sucrose gradient from source to sink, thereby increasing sink strength. Results presented by N'tchobo et al. (1999) showing that even at maturity, detached tomato fruit can synthesize starch from sucrose applied to the pedicel suggests that there is simultaneous 
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Fruit wt (g) TSS (%) TSS · fruit wt starch synthesis and degradation even at the later stages of fruit ripening, although other studies indicate that the starch synthesis pathway is low in the mature fruit (Robinson et al., 1988; Schaffer and Petreikov, 1997) , even with the L1 H allele Schaffer and Petreikov, 1997) .
We have previously shown that the introgression of the L1 H allele affects only the limiting activity of the AGPase enzyme, whereas the remaining enzymes in the sucrose to starch biosynthetic pathway are unaffected by the L1 H introgression . The mechanism by which the L1 H extends the starch synthesis period is by temporally extending the transcription of the L1 gene that encodes for the large subunit of the heterotetrameric enzyme, AGPase . The small subunit, S1, which comprises the active enzyme, has an extended expression level throughout fruit development and therefore the normally short L1 expression in L1 E genotypes is limiting for the active tetrameric enzyme. By extending L1 expression through introgressing, the natural allelic variant of L1 from a wild species, S. habrochaites, both subunits are available to produce an active enzyme for an extended period of time, which concurs with the increase in fruit sink size from the mgI to mgII. This is a novel example of molecular heterosis (Comings and MacMurray, 2000; Trehan and Gill, 2002) in which the hybrid multimeric enzyme bestows increased starch synthesis in the developing fruit. Because AGPase is a limiting enzyme in starch synthesis in tomato fruit (Schaffer and Petreikov, 1997) as well as in other starch synthesizing tissues (Preiss and Sivak, 1996) , increasing its activity during development can lead to an increase in starch. However, increasing activity only when the fruit unit is small would likely not lead to the significant effect, as we report here. It is specifically the temporal extension of activity, such that the whole fruit reservoir increases dramatically, in large part due to the increase in fruit size during this extended period, that is crucial to impacting on the carbohydrate accumulation of tomato fruit.
The effects presented here indicate a fairly consistent effect of the L1 introgression, spanning genetic backgrounds as well as seasons. However, there are cases in which the effect on TSS was not observed. In some cases, this occurred in a background that almost consistently gave significant results (Table 1) . This observation underlies the conclusion that there are numerous limiting factors to maximal fruit carbohydrate accumulation and even if AGPase activity in the developing fruit is not limiting, other factors, environmental or genetic, may nevertheless be limiting.
The use of L1 is a good example of a useful marker-assisted selection (MAS) strategy for plant breeding for improved tomato fruit sugar content. The L1 locus is mapped to the distal portion of chr 1-4 Schaffer et al., 2000) . The early analysis of the S. pennellii introgression lines Zamir, 1994, 1995) pointed to a QTL for TSS on chromosome 1-4 mapped to a 25-cM region and Causse et al. (2004) further delineated the QTL to the most distal portion of chr 1, in bin 1-J. In the analysis of the S. habrochaites introgression lines, Bernacchi et al. (1998) did not note a TSS QTL on chr 1, but Monforte and Tanksley (2000) did report a QTL for TSS but mapped the trait more proximally, to the TG161 marker. Frary et al. (2003) reviewed the data accumulated from different interspecific populations and concluded that the distal portion of chr 1 contains more than one QTL for increased soluble solids. The introgression lines studied here are characterized by small introgressions approximated at 1 cM, between markers TG158 and TG389, distal to TG161 , and the polymorphic marker used is the L1 allele itself.
The wild species of tomato have proven to be a useful source for genetic variability for fruit quality due to variations in genetically determined metabolism that do not exist in the S. lycopersicum germplasm. Other examples of loci with alleles derived from wild species that modify sugar content when introgressed into cultivated tomato, without necessarily impacting on the total amount, are sucr, which changes the partitioning between sucrose and hexose (Chetelat et al., 1995; Hadas et al., 1995) , and Fgr, which changes the partitioning between fructose and glucose . No doubt, further research will uncover additional useful variation.
To date, the only other locus in which genetic variation contributes to a significant impact on total soluble sugar content in the ripe tomato fruit is the LIN5 locus, which encodes for an apoplastic invertase largely expressed in the immature fruit (Fridman et al., 2004) . In that case, the allele introgressed from the wild species, S. pennellii, increases the soluble sugar content, apparently by encoding for a slightly more kinetically efficient enzyme, and increases the gradient of sucrose from the source to the fruit sink. Together, these two instances show that the strengthening of sink metabolism via a single rate-limiting enzymatic step can increase the net import of photoassimilate into the fruit.
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